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Graphical abstract: 
 
 
 
 
Highlights: 
 
 
 Pressurized metallurgy remarkably enhanced N content in martensitic stainless steel 
 Increasing N content firstly decreased then increased the content of precipitates 
 With increasing N content, main precipitates were converted from M23C6 to M2N 
 High nitrogen martensitic stainless steels exhibit excellent corrosion resistance 
 Excess nitrogen deteriorated corrosion resistance of martensitic stainless steel 
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Abstract: 
 
Effect of nitrogen on microstructure and corrosion behaviour of high nitrogen martensitic stainless 
steels manufactured by pressurized metallurgy was investigated by microscopy, electrochemical 
and spectroscopy analyses. Results indicated that increasing nitrogen content significantly enhanced 
the corrosion properties of martensitic stainless steels, while excess nitrogen deteriorated the 
corrosion resistance. The impacts of increased nitrogen content could be summarized as three 
aspects: the change of precipitation content and conversion of main precipitates from M23C6 to 
M2N; the enhanced protection performance of passive film by enrichment of Cr, especially Cr2O3 
and CrN; the improved repassivation ability by increased nitrogen content in solid solution. 
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1. Introduction 
 
 
Nitrogen, as an important alloying element, could significantly enhance the mechanical 
properties and corrosion resistance of stainless steels [1-5]. It is widely accepted that nitrogen is 
beneficial to the corrosion resistance of austenitic [6-13] and duplex [14, 15] stainless steels. 
Generally, the presence of nitrogen can decrease the point defect density [8, 10, 12], increase the 
thickness [9] and promote the Cr enrichment in the passive films [8, 11, 12]. Consequently, nitrogen 
can decrease the metastable pitting susceptibility [8] and improve the repassivation ability and 
corrosion resistance especially in chloride solutions. In addition, the formation of ammonium [6, 7, 
9, 12, 14] and enrichment of nitrides [14] in the passive film also increase its protective ability. 
Unfortunately, the solubility of nitrogen in the martensitic stainless steels (MSSs) at atmospheric 
pressure is very low [16, 17]. To some degree, such low solubility limits the improvement of 
corrosion resistance by the addition of nitrogen. The development of pressurized metallurgy, 
namely smelting and solidifying under high pressure, makes it possible to fully play the beneficial 
role of nitrogen on corrosion resistance of MSSs by effectively enhancing its content without 
inducing nitrogen pores simultaneously [18-20]. For example, high nitrogen martensitic stainless 
steel CRONIDUR30, manufactured by pressurized electroslag remelting (PESR), possesses 
excellent mechanical properties (hardness, wear-resistance, toughness) and superior corrosion 
resistance, which has been successfully used to ball screw bearings and nuts for aerospace and 
industrial applications [19, 21]. However, there are few researches about the effect of high nitrogen 
content on corrosion resistance of MSSs [16, 18, 22-24]. Recently, Qi et al. [16] investigated the 
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effect of nitrogen in a low content range (0 - 0.08 wt.%) on corrosion resistance of 0.3C-13Cr 
MSSs. They found that the addition of 0.04 - 0.05 wt.% nitrogen improved the corrosion resistance 
because of the more protective passive film and lower Cr-rich M23C6 content. But higher nitrogen 
content (0.08 wt.%) slightly deteriorated the properties owing to the massive precipitation of M23C6 
carbides. However, Leda [24] reported that partial replacement of carbon by nitrogen (0.2 wt.%) 
decreased the number of pits on 0.7C-13Cr martensitic stainless steel. Furthermore, Shimada et al. 
[18] found that the optimum nitrogen content in 0.65C-16Cr martensitic stainless steel was 0.25 
wt.%. But Leda and Shimada et al. just reported the beneficial effect of nitrogen on corrosion 
resistance, and no relevant mechanism was discussed. The increase of nitrogen content would 
induce the precipitation of nitrides, which could also affect the corrosion resistance [25]. 
Nevertheless, the effect of nitrides on corrosion behaviour of high nitrogen martensitic stainless 
steels is still not clear. Moreover, the previous studies concerning the influence of nitrogen on 
corrosion resistance of MSSs mainly discussed the relationship between corrosion resistance and 
precipitation [16, 23], while the effect of nitrogen on passive film of MSSs was seldom 
investigated. 
Therefore, in this work, high nitrogen martensitic stainless steels 30Cr15Mo1N containing 
various nitrogen contents were manufactured using a pressurized induction furnace. The purpose of 
this paper is to reveal the influence of nitrogen on microstructure and corrosion behaviour of high 
nitrogen martensitic stainless steels, especially containing very high nitrogen content. The 
microstructure was characterized using optical microscope (OM), field-emission scanning electron 
microscope (FE-SEM), atom probe tomography (APT), X-ray diffraction (XRD) and high 
resolution transmission electron microscope (HR-TEM). The corrosion behaviour was evaluated by 
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open circuit potential, potentiodynamic together with cyclic polarization tests and immersion tests, 
and the composition of passive film was examined using X-ray photoelectron spectrometer (XPS). 
2. Experimental procedure 
2.1 Materials preparation 
The high nitrogen martensitic stainless steels with different nitrogen contents were smelted under 
high nitrogen pressure, and the smelting, homogenization, hot forging and spheroidizing annealing 
processes were described in our previous work [20]. The chemical compositions of high nitrogen 
martensitic stainless steels are shown in Table 1. The specimens of 10 mm × 10 mm were cut from 
the plates, and the test surface was parallel to the forging direction. Afterwards, the specimens were 
austenitized at 1020℃ for 40 min followed by quenching in oil, cryogenic treated at -80℃ for 2 h, 
and finally tempered twice at 300℃ for 2 h. 
2.2 Microstructure characterization 
The specimens were wet ground and polished with 1.5 μm diamond powder, then dried in warm 
air. To determine the prior austenite grain size, the specimens were etched in the solution containing 
3 g KMnO4, 6 mL H2SO4 and 94 mL H2O, and then observed using DSX510 optical microscope 
(OM). To observe the distribution of precipitates, the specimens were etched using Vilella’s reagent 
[20], and then analysed using Ultra Plus field emission scanning electron microscope (FE-SEM) 
equipped with energy dispersive spectroscope (EDS). To reveal the existing form of nitrogen, the 
atomic-scale chemical analysis of 0.41N steel was employed using CAMECA Instruments LEAP 
4000 XHR. In order to prepare the specimens for atom probe tomography (APT) analysis, square 
rods with dimensions of 0.5 mm × 0.5 mm × 15 mm were cut from 0.41N steel, and then were 
ground with 400 grit SiC paper until the cross section reached about 0.4 mm × 0.4 mm. Afterwards, 
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the needle-shaped specimens were electro-polished by a standard two-step technique to ensure the 
tip radius was less than 100 nm [26]. The APT analysis was performed under an ultrahigh vacuum 
of ~1 × 10-8 Pa at tip temperature of 50 K. The range of DC voltage was 3.0 - 4.4 kV and the laser 
energy was 60 pJ. Finally, the data reconstruction was carried out using Imago Visualization and 
Analysis Software (IVAS) version 3.6.8. To identify the variation in type of precipitates, the 
precipitates were extracted by electrolytically dissolving the specimens in the solution containing 
3.6 wt.% zinc chloride, 5 wt.% hydrochloric acid, 1 wt.% citric acid and 90.4 wt.% methanol. The 
current and temperature were maintained around 1.0 A and 5℃, respectively, and the electrolytic 
dissolution of each specimen lasted for about 12 h. Then the X-ray diffraction (XRD) was 
performed on a Rigaku SmartLab 9kW X-ray diffractometer with Cu Kα radiation at 45 kV, 200 
mA and 10°/min from 20° to 90°. Meanwhile, the precipitates in 0N and 0.41N steels were 
examined using FEI Tecnai F30 high resolution transmission electron microscope (HR-TEM), and 
the HR-TEM foils were prepared as described previously [20]. 
2.3 Electrochemical tests 
The electrochemical tests were performed in naturally aerated 3.5 wt.% NaCl solution at 30℃ 
using a Gamry Reference 600 potentiostat. A platinum plate and saturated calomel electrode (SCE) 
were used as the counter and reference electrodes, respectively. The specimens were wet ground 
using SiC paper to 800 grit, passivated in 25 wt.% nitric acid at 50℃ for 1 h, and embedded in 
epoxy resin with 1 cm2 exposing to the electrolyte. Hereafter, the exposed area of the working 
electrodes were ground with SiC papers to 2000 grit, cleaned using deionized water and ethanol, 
and then dried in warm air. Before the electrochemical tests, the cathodic polarization at -1.0 VSCE 
was applied to the working electrodes for 5 min to reduce the initial passive film formed in air. 
Afterwards, the working electrodes were monitored for 30 min to achieve stable state. For open 
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circuit potential (OCP) measurements, the monitoring time after cathodic polarization was 
prolonged to 240 min. The potentiodynamic polarization tests were performed with a scan rate of 20 
mV/min from -0.3 V lower than OCP, and the pitting potentials were determined at the potentials 
when the current densities increased abruptly. The cyclic polarization tests were performed with a 
scan rate of 10 mV/min from -0.3 V lower than OCP. When the current densities reached 1 
mA/cm2, the scans were reversed to the initial potential. 
2.4 Immersion tests 
The specimens for immersion tests were prepared as those used for electrochemical tests without 
the connection of copper wire. They were polished by 1.5 μm diamond paste and then immersed in 
6 wt.% FeCl3 solution at 50℃ for 60 min. The corroded surfaces were observed by FE-SEM after 
removing the corrosion products according to the method in ISO 8407-2009. 
2.5 XPS analysis 
To investigate the influence of nitrogen on composition of passive film, the working electrodes 
were polished using 1.5 μm diamond powder, and the passive films were formed in dry air for 24 h 
after cathodic polarization mentioned above. X-ray photoelectron spectroscopy (XPS) was carried 
out using ESCALAB250. The passive film was sputtered using Ar+ ions to obtain the depth profile 
information, and the detailed parameters were described in our previous study [27]. The high 
resolution spectra were analysed using XPSPEAK 4.0 software together with a database [28], and 
all the spectra were corrected to the carbon C 1s peak (284.6 eV). 
3. Results 
3.1 Microstructure observation 
AC
CE
PT
ED
 M
AN
US
CR
IPT
Fig. 1 shows the optical microstructure of high nitrogen martensitic stainless steels with various 
nitrogen contents. Massive reticulate δ-ferrite, surrounding martensite, was observed in 0N steel 
(Fig. 1(a)). It is difficult to distinguish the prior austenite grain boundary in 0N steel due to the 
existence of δ-ferrite, and the addition of 0.15 wt.% nitrogen could inhibit the formation of δ-ferrite 
(Fig. 1(b)). With the increase of nitrogen content, the prior austenite grains were remarkably 
refined, however, the grain refinement was not obvious when the nitrogen content exceeded 0.41 
wt.% (Fig. 1(f)). 
Fig. 2 shows the SEM micrographs of high nitrogen martensitic stainless steels with different 
nitrogen contents. In 0N steel, there existed massive large size Cr-rich carbides along the grain 
boundaries (Fig. 2(a1)) and around δ-ferrite (Fig. 2(a2)). Besides, a few needle-like precipitates were 
also observed. With the addition of 0.15 wt.% and 0.24 wt.% nitrogen, the δ-ferrite disappeared and 
the contents of large size precipitates were evidently reduced (Figs. 2(b2) and (c2)), and the 
precipitation contents were also decreased. Further increasing the nitrogen content to 0.41 wt.% and 
0.52 wt.% significantly promoted the precipitation of granular Cr-rich carbonitrides (Figs. 2(d2) and 
(e2)) and increased the precipitation content. It is noteworthy that increasing nitrogen content firstly 
reduced and then increased the content of precipitates. However, the accurate determination of the 
content of precipitates is almost impossible due to the existence of tiny precipitates. Besides, 
combined with the morphology and EDS results, nitrogen restrained the precipitation of rod-like Cr-
rich carbides (Fig. 2(b1)) and promoted the precipitation of granular Cr-rich carbonitrides (Fig. 
2(e1)). 
Fig. 3 shows the 3D atom by atom tomographic reconstruction of 0.41N steel. The main elements 
Fe, Cr, Mo distributed almost uniformly in the specimen. N was detected as molecular CrN++ ions, 
and the distribution was almost consistent with C. However, the detection of CrN++ ions did not 
AC
CE
PT
ED
 M
AN
US
CR
IPT
correspond the existence of CrN precipitates, but the evaporation of N atoms together with Cr atoms 
as molecular ions [29]. Considering the obvious Cr enrichment in the precipitates, the non-existence 
of severe Cr segregation meant that the APT sample was not located on the undissolved 
precipitates, but between them. In the low-temperature tempering process, just as the present study, 
substitutional elements (Cr and Fe, etc.) could not diffuse, whereas interstitial atoms (C and N) are 
still mobile, thus the slight aggregation of C and N elements occurred. The slight aggregation of 
CrN++ ions at the bottom of the specimen would form Cr-rich precipitates with the proceeding of 
the tempering process. Therefore, nitrogen exists in high nitrogen martensitic stainless steels in the 
form of solid solution state and Cr-rich nitrides. 
Fig. 4 shows the XRD patterns of electrolytically extracted precipitates in high nitrogen 
martensitic stainless steels with different nitrogen contents. Only M23C6 (Cr15.58Fe7.42C6) was 
detected in 0N steel. With the addition of 0.15 wt.% and 0.24 wt.% nitrogen, the precipitates were 
also M23C6. But in 0.41N steel, the main precipitates were changed to be M2N (Cr2N) together with 
a small amount of M23C6. Finally, in 0.52N steel, the precipitates were almost converted to be M2N. 
It is worth noting that the absence of peaks for M2N in low-nitrogen specimens and M23C6 in high-
nitrogen specimens meant these phases were not existed or their contents were less than the limit of 
detection (about 5%) [30]. 
Afterwards, the precipitates in 0N and 0.41N steels were examined using HR-TEM. In 0N steel, 
the large size M23C6 and δ-ferrite were observed (Figs. 5(a) and (b)), and the M23C6 corresponded to 
the undissolved precipitates in the austenitizing process [20, 31]. Besides, needle-like precipitates 
were observed as well (Figs. 5(b) and (c)). Based on the HR-TEM image and fast fourier 
transformation (FFT) pattern in Figs. 5(d) and (e), the needle-like precipitates were identified as 
M3C with the orientation relationship of [011]𝑀3𝐶//[001]Matrix. With the addition of 0.41 wt.% 
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nitrogen, both granular M23C6 and M2N were detected (Figs. 5(f)-(h)), which were also originated 
the undissolved precipitates in the austenitizing process. 
3.2 Corrosion resistance 
The variation of open circuit potentials (OCPs) of high nitrogen martensitic stainless steels with 
various nitrogen contents is shown in Fig. 6(a). Initially, the values of OCP rapidly increased with 
the prolonging immersion time, indicating the formation of spontaneous passive films in 3.5 wt.% 
NaCl solution [32]. For 0N steel, the intense fluctuation of potential was observed, which was 
corresponded to the nucleation and repassivation of the metastable pitting corrosion [31]. However, 
the potentials of nitrogen-alloyed martensitic stainless steels reached almost the same stationary 
state, and the values were more noble than that of the 0N steel. These meant that nitrogen promoted 
the formation of stable passive films [32] while nitrogen content had little effect on the value of 
OCP. The OM morphologies of 0N and 0.15N steels after immersion in NaCl solution for 240 min 
(Figs. 6(b) and (c)) show that the 0N steel underwent severe corrosion, while the 0.15N steel 
remained the fresh surface. The local magnification of the pit by SEM in the inserted figure in Fig. 
6(b) shows that ditches existed around Cr-rich carbides, which indicates that pitting corrosion 
preferentially initiated around large size Cr-rich carbides. 
Fig. 7(a) shows the potentiodynamic polarization curves of the steels. The corrosion potential 
(Ecorr) of the 0N steel was distinctly lower than those of nitrogen-alloyed steels, which was in 
accordance with the variation of OCPs. In addition, the current transients relating to metastable 
pitting and repassivation [20, 31, 33] could be observed in the passive ranges. The addition of 
nitrogen significantly reduced the current fluctuations, i.e., reduced the metastable pitting 
susceptibility [27, 34]. However, the passivation current densities did not vary with nitrogen 
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content. The cumulative probability distribution of pitting potentials in Fig. 7(b) indicates that the 
pitting potential increased with nitrogen content until 0.41 wt.%, and then decreased when the 
nitrogen content reached 0.52 wt.%. Besides, high nitrogen martensitic stainless steels 
manufactured by pressurized metallurgy exhibited similar corrosion resistance with 304 austenitic 
stainless steel [35-37], and the pitting potentials were more noble than other nitrogen-alloyed 
martensitic stainless steels in literatures [16, 18]. 
In order to determine the pitting initiation sites and clarify the reason for the reduction in pitting 
potential of 0.52N steel, the corrosion morphologies of the polished 0N and 0.52N specimens after 
being potentiodynamically polarized to 0 mVSCE and 200 mVSCE, respectively, were observed using 
FE-SEM (Fig. 8). As shown in Figs. 8(a) and (b), pits and ditches could be observed around large 
size Cr-rich carbides and cerium oxide inclusions, and the existence of massive Cr-rich carbides 
induced the deterioration of corrosion resistance of 0N steel. Besides, as for 0.52N steel, pitting 
corrosion preferentially initiated at the interface of Cr-rich carbonitrides and the matrix (Figs. 8(c)-
(e)), and then propagated into the matrix. Meanwhile, pitting corrosion also occurred in cerium 
oxide inclusion (Fig. 8(f)). The preferential initiation of pitting corrosion confirmed the detrimental 
effect of Cr-rich precipitates. The massive precipitation of M2N together with severe Cr-depletion 
provided more pitting initiation sites, and was responsible for the corrosion deterioration of 0.52N 
steel. 
The cyclic polarization curves of the investigated steels are shown in Fig. 9, and the cyclic 
polarization parameters are listed in Table 2. The forward scans exhibited similar behaviour to the 
potentiodynamic polarization curves. However, in backward scans, the current densities kept 
increasing to maximum values even when the applied potentials had already decreased. The 
hysteresis loops were generated among all specimens, which indicated the delay in repassivation of 
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the existed pits [38]. The pitting potential (Epit) and repassivation potential (Erp) of 0N steel were 
quite low. With the increase of nitrogen content up to 0.41 wt.%, both of the values of Epit and Erp 
increased drastically, indicating that nitrogen increased the corrosion resistance and repassivation 
ability of high nitrogen martensitic stainless steels [39]. However, when the nitrogen content 
reached 0.52 wt.%, the values of Epit and Erp decreased, which means that the corrosion resistance 
and repassivation ability were deteriorated by adding excess nitrogen. 
The immersion tests in 6 wt.% FeCl3 solution at 50℃ for 60 min were performed, and the 
morphologies of the area suffered the most severe corrosion are shown in Fig. 10. The 0N steel 
underwent serious corrosion along the precipitates, which was consistent with the existence of 
massive large size carbides (Fig. 10(a)). The addition of 0.15 wt. % N significantly alleviated 
corrosion damage, but there still existed many corrosion pits. The increasing of nitrogen content to 
0.41 wt.% reduced the number and size of corrosion pits (Figs. 10(b) - (d)), indicating that nitrogen 
promoted the corrosion resistance of high nitrogen martensitic stainless steels. However, increasing 
nitrogen content to 0.52 wt.% increased the number and size of corrosion pits (Fig. 10(e)), i.e. 
excess nitrogen reduced the corrosion resistance of the steels. 
3.3 Passive film analysis 
The XPS survey spectra of 0.15N and 0.41N high nitrogen martensitic stainless steels are shown 
in Fig. 11(a). The peaks representing Fe, Cr, O, N and C elements were observed on both steels. 
Nitrogen was enriched in the surface layer of the passive film, and higher nitrogen content 
contributed to its enrichment in the inner layer of passive film (Fig. 11(b)). The increase of nitrogen 
content promoted the Cr enrichment, thus enhancing the protective property and stability of passive 
film [40] on 0.41N steel. However, the O content was decreased by increasing N content, indicating 
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the thinning of the passive film [41]. Nevertheless, Liu [42] reported that the passive film thickness 
had little effect on corrosion resistance. 
Fig. 12 shows the XPS signals of Cr 2p3/2, Fe 2p3/2 and O 1s in the passive films on 0.15N and 
0.41N steels after sputtering for 0 s, 20 s and 100 s. The Cr 2p3/2 signals were split into three peaks 
representing Cr-met (574.0 eV), Cr2O3 (576.0 eV) and Cr(OH)3 (577.4 eV) (Figs. 12 ((a) and (b))). 
The Fe 2p3/2 signals were separated into FeOOH (711.2 eV), Fe2O3 (709.9 eV), FeO (708.6 eV) and 
metallic Fe (706.5 eV) (Figs. 12 ((c) and (d))). The O 1s signals were divided into two peaks 
representing O2- (529.8 eV) and OH- (531.5 eV) (Figs. 12 ((e) and (f))). With the increase of 
nitrogen content, the Cr2O3 and Fe-oxides contents were enhanced, Cr(OH)3 and FeOOH contents 
were reduced, which was consistent with the higher O2- and lower OH- contents in 0.41N steel. 
Previous researches reported that the formation of Cr2O3 passive layer was the main constituent for 
the corrosion resistance of stainless steels, and higher Cr2O3 content could effectively increase the 
stability of the passive layer [6, 8]. 
Fig. 13 shows the XPS signals of N 1s in the passive films on 0.15N and 0.41N steels after 
sputtering for 0 s and 100 s. On the surface layer, peaks representing NH3 (399.5 eV) and NH4
+ 
(400.3 eV) were detected on both steels. After sputtering for 100 s, the XPS signal for 0.15N was 
quite weak, while peaks representing CrN (396.6 eV) and Cr2N (397.6 eV) were found on the 
passive film of 0.41N steel. Combined with the N 1s content in the passive film (Fig. 11(b)), 
nitrogen mainly enriched as ammonium in the surface layer of passive film, and higher nitrogen 
content contributed the formation of more nitrides in the inner layer. 
4. Discussion 
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The experimental results in this study showed that the increase of nitrogen content induced the 
variation of content and type of precipitates, prior austenite grain size, nitrogen content in solid 
solution and composition of passive film on high nitrogen martensitic stainless steels. Furthermore, 
the corrosion resistance was significantly enhanced by increasing nitrogen content up to 0.41 wt.%, 
but further addition of nitrogen deteriorated the corrosion resistance. Based on the analysis of these 
results, the influence of nitrogen on microstructure evolution and corrosion behaviour of high 
nitrogen martensitic stainless steels will be discussed in detail. 
4.1 Influence of nitrogen on microstructure 
There existed massive δ-ferrite in 0N steel (Fig. 1) because of the high chromium equivalent and 
relatively low nickel equivalent. The addition of nitrogen in martensitic stainless steel effectively 
inhibited δ-ferrite because of the strong stabilizing effect of nitrogen on austenite [17]. Unlike high 
nitrogen austenitic stainless steels, in which nitrogen mainly exists in solid solution [1, 43], nitrogen 
existed as randomly distributed N atoms and M2N precipitates in high nitrogen martensitic stainless 
steels (Figs. 3 and 4). With the increase of nitrogen content, the precipitation content was firstly 
decreased and then increased (Fig. 2). Besides, the main precipitates in steels containing nitrogen up 
to 0.24 wt.% were M23C6, and the further addition of nitrogen substantially converted the main 
precipitates to be M2N (Fig. 4). Previous work by Qi et al. [16] have shown that the main 
precipitates in all nitrogen-free and alloyed 0.3C-13Cr steels (with nitrogen content up to 0.08 
wt.%) were M23C6, which is in accordance with the present study. However, different from our 
results, Qi et al. found that the least mass fraction of precipitates was obtained in steel with 0.02 
wt.% nitrogen, which might be due to the different nitrogen solubility influenced by the addition of 
Mo [1, 44]. 
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According to the Thermo-Calc calculation results based on TCFE7 database, the addition of 
nitrogen effectively narrowed the phase regions of M23C6 and δ phases, and broadened the regions 
of M2N and γ phases (Fig. 14(a)). The increase of nitrogen content decreased the mass fraction and 
dissolution temperature of M23C6, on the contrary, increased those of M2N (Fig. 14(b)). This is in 
agreement with the variation of precipitates by SEM and XRD analysis, and the reasons can be 
explained as follows. On the one hand, nitrogen in steel could suppress the formation of M23C6 
carbides and retard the growth kinetics by reducing the diffusion coefficient of Cr in the matrix 
[16], decreasing the lattice parameter and increasing the interface mismatch [45, 46]. On the other 
hand, the relatively high austenitizing temperature (1020℃) induced the preferential dissolution of 
M23C6, which had lower thermal stability, finally M2N was left as the main precipitates in high 
nitrogen martensitic stainless steels (more than 0.24 wt.% N). 
4.2 Influence of nitrogen on corrosion resistance 
4.2.1 Influence of nitrogen on composition of passive film 
The corrosion resistance of stainless steels is remarkably affected by the chemical composition of 
passive films [10, 40, 47]. The increase of nitrogen content from 0.15 wt.% to 0.41 wt.% promoted 
the Cr enrichment in the passive film (Fig. 11(b)), thereby, the protective ability of passive film was 
enhanced, which was also reported by other researchers [8, 11, 12]. Fig. 15 shows the depth profile 
of Cr2O3 and Cr(OH)3 in passive films on 0.15N and 0.41N steels. It reveals that the increase of 
nitrogen content enhanced the content of Cr2O3 and reduced the content of Cr(OH)3 in the passive 
film, which is in line with the results by Fu [6] and Clayton [48] in austenitic stainless steels. In 
addition, the ratio of Cr2O3/Cr(OH)3 in the passive films was significantly enhanced by increasing 
nitrogen content, especially in the inner layer of the passive film (Fig. 15(c)). Thereby, the increase 
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of nitrogen content promoted the enrichment of Cr2O3 in the passive film of 0.41N steel. Previous 
work have shown that the interaction of nitrogen with molybdenum favoured the enrichment of 
Cr2O3 by promoting the deprotonation of Cr(OH)3 [6, 15, 48, 49]. Therefore, due to the lower point 
defect density [50] and higher thermodynamic stability [51] of Cr2O3 compared with Cr(OH)3, the 
passive film on 0.41N steel exhibited higher stability and protective ability [42]. 
In addition, NH3 and NH4
+ were also found on the surfaces of both 0.15N and 0.41N steels (Fig. 
13). The formation of ammonium via the reactions of Eqs. (1) and (2) could reduce the 
concentration of H+ on the passive film, thus restraining the passive film breakdown and pitting 
initiation [10]. 
[N] + 3H+ = NH3                             (1) 
[N] + 4H+ = NH4
+                             (2) 
Furthermore, CrN was detected in the passive film on 0.41N steel even after sputtering for 100 s. 
According to the adsorption mechanism, the absorption of Cl- on the passive film induced the 
formation of MClx (M represents for Fe, Cr, etc.) and the breakdown of passive film [14, 52]. With 
the thinning of passive film, the existence of CrN in passive film on 0.41N steel could induce the 
repelling and desorption of Cl-, thereby inhibiting the corrosion induced by chloride ion [14, 53]. 
Moreover, the corrosion protection performance of passive film could be improved due to the 
enrichment of CrN by Eq. (3) [11, 44, 54]. 
2CrN + 3H2Oads = Cr2O3 + 2NH3(ligand)                (3) 
This would result in the formation of Cr2O3, thus CrN was regarded as the precursor for the 
formation of passive film [54]. Consequently, the higher nitrogen content is conducive to generating 
more protective passive film due to the improved Cr content, especially Cr2O3 and CrN. 
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4.2.2 Influence of nitrogen on pitting initiation 
It is generally known that the Cr-rich precipitates (e.g. Cr23C6, Cr2N and σ phase) have 
detrimental effect on corrosion resistance owing to the existence of Cr-depleted zone around the 
precipitates [20, 43, 55, 56]. Our previous works [20, 57] reported that metastable pitting corrosion 
preferentially initiated around M23C6 due to its severer chromium-depletion than that of M2N in 
quenched high nitrogen martensitic stainless steels. In the present study, the 0N steel exhibited the 
highest metastable pitting susceptibility and worst corrosion resistance because of the existence of 
massive large-size M23C6. The increase of nitrogen content restrained the precipitation of M23C6 and 
promoted the precipitation of M2N simultaneously, which means that the M23C6 induced Cr-
depletion was alleviated, and the M2N induced Cr-depletion was aggravated (Fig. 16). The variation 
trend of precipitation coincided with the first increase and then deterioration of corrosion resistance 
with the increase of nitrogen content (Figs. 7, 9 and 10). Because of the existence of nano-sized 
precipitates [31, 56], it is not possible to determine the nitrogen content corresponding the least 
amount of precipitation. In addition, quantitative comparing the Cr-depletion between M23C6 and 
M2N is also impossible. Hence, it is incapable to directly determine the nitrogen content which 
corresponds to the slightest Cr-depletion. Nevertheless, considering the close relationship between 
Cr-depletion and corrosion resistance [20, 58], the overall slightest Cr-depletion could be obtained 
in 0.41N steel which possessed the best pitting corrosion resistance. 
Previously, Qi et al. [16] reported the non-monotonic relationship between nitrogen content (0 - 
0.08 wt.%) and pitting potential of 3Cr13 MSSs manufactured at normal atmosphere, and the 
optimum nitrogen content was 0.04 - 0.05 wt.%. The present work revealed that the relationship 
between nitrogen content (0 - 0.52 wt.%) and pitting potential of high nitrogen martensitic stainless 
steels manufactured by pressurized metallurgy was also non-monotonic, but the optimum nitrogen 
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content was about 0.41 wt.%. The greatly improved optimum nitrogen content was mainly because 
the addition of Mo could increase nitrogen solubility in martensitic matrix and reduce the 
precipitation content, and the mechanism will be discussed in our further study in detail. 
4.2.3 Influence of nitrogen on repassivation of pits 
The APT result indicated the existence of nitrogen atoms in 0.41N steel (Fig. 3). The increase of 
nitrogen content simultaneously increased the content of nitrogen in solid solution, and the nitrogen 
saturation was reached when the nitrogen content was at or below 0.41 wt.% due to the formation of 
M2N in 0.41N steel (Fig. 4). Thus, the repassivation potential (Erp) was increased with the increase 
of nitrogen content up to 0.41 wt.%, which means that nitrogen can effectively enhance the 
repassivation ability of MSSs (Fig. 9), and this is similar with that in austenitic stainless steels [59]. 
In the pitting process, nitrogen in solid solution could react with protons (H+) in the pit to form NH3 
and/or NH4
+ through Eqs. (1) and (2) [7, 60]. Thus, the partial consumption of protons could buffer 
local pH in the pit cavity, thus restraining the self-catalytic pitting and promoting the repassivation 
of the pit [44]. However, the further addition of nitrogen to 0.52 wt.% reduced the repassivation 
potential. This can be explained by the fact that excess nitrogen induced the formation of massive 
Cr-rich M2N and Cr-depleted zones therewith. The saturated nitrogen in solid solution is 
insufficient to consume the redundant H+ in the pit cavity, thereby the repassivation ability was 
reduced. 
In addition, the prior austenite grain size and content of retained austenite also influence the 
corrosion resistance of MSSs. However, grain refinement has no prominent effect on pitting 
corrosion resistance [35] except when nanocrystallization was achieved [36]. Besides, as reported 
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by Qi et al. [16], the content of retained austenite was probably not the primary reason influencing 
the corrosion behaviour of MSSs. 
In summary, the influence of nitrogen on microstructure and corrosion mechanism of high 
nitrogen martensitic stainless steels could be categorised as three groups, and the schematic is 
shown in Fig. 17. Firstly, the increase of nitrogen content reduced the content of M23C6 and 
alleviated the Cr-depletion, thus improving the corrosion resistance of high nitrogen martensitic 
stainless steels. However, the precipitation of massive M2N by adding excess nitrogen deteriorated 
the corrosion resistance. Secondly, the increase of nitrogen content contributed to the Cr 
enrichment, especially Cr2O3 and CrN, in passive film, thereby improving its protective ability and 
stability. Thirdly, the nitrogen content in solid solution was increased by adding nitrogen, and then 
enhanced the repassivation ability of the steels. The competitive effects of three factors determined 
the corrosion behaviour of high nitrogen martensitic stainless steels. 
5. Conclusions 
The influence of nitrogen on microstructure and corrosion behaviour of high nitrogen martensitic 
stainless steels was investigated, and the main conclusions are listed as follows: 
(1) Pressurized metallurgy could enhance the nitrogen content up to 0.52 wt.% in martensitic 
stainless steels, which was much higher than those manufactured under atmosphere pressure. 
Nitrogen existed as N atoms and M2N precipitates. Nitrogen addition inhibited δ-ferrite, refined 
prior austenite grain size, firstly decreased and then increased the content of precipitates, and 
converted the main precipitates from M23C6 to M2N. The change of microstructure evoked the first 
increase and then deterioration of corrosion resistance with the increase of nitrogen content. The 
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optimum nitrogen content was about 0.41 wt.% for 30Cr15Mo1N steel manufactured by pressurized 
metallurgy. 
(2) The influence of nitrogen on corrosion behaviour of high nitrogen martensitic stainless steels 
could be categorised as three groups, and their competitive effects determined the corrosion 
behaviour. Firstly, the reduction of M23C6 content improved the corrosion properties of high 
nitrogen martensitic stainless steels. However, the precipitation of massive M2N by adding excess 
nitrogen deteriorated the corrosion resistance. Secondly, the formation of ammonium on the surface 
and increased content of Cr, especially Cr2O3 and CrN in passive film improved its protective 
ability. Thirdly, the increased nitrogen content in solid solution improved the repassivation ability 
of the steels. 
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Figure Captions 
 
 
Fig. 1 OM micrographs of (a) 0N, (b) 0.15N, (c) 0.24N, (d) 0.41N, (e) 0.52N high nitrogen martensitic 
stainless steels and the (f) variation of prior austenite grain size with nitrogen content. 
Fig. 2 SEM micrographs of (a1) 0N, (b1) 0.15N, (c1) 0.24N, (d1) 0.41N, (e1) 0.52N, and local amplification of 
(a2) 0N, (b2) 0.15N, (c2) 0.24N, (d2) 0.41N, (e2) 0.52N high nitrogen martensitic stainless steels. 
Fig. 3 3D atom-by-atom tomographic reconstruction (box size 68 nm × 68nm × 300 nm) of 0.41N high 
nitrogen martensitic stainless steel. 
Fig. 4 XRD patterns of electrolytically extracted precipitates in high nitrogen martensitic stainless steels with 
different nitrogen contents. 
Fig. 5 TEM results of (a)-(e) 0N and (f)-(h) 0.41N high nitrogen martensitic stainless steels: (a) morphology 
and electronic diffraction pattern of M23C6, (b) δ-ferrite and needle-like M3C, (c) magnified image of M3C, 
(d) HR-TEM image of M3C, (e) FFT pattern of the HR-TEM image in (d); (f) morphology and electronic 
diffraction pattern of M23C6, (g) bright field image, (h) dark field image and electronic diffraction pattern of 
M2N. 
Fig. 6 (a) Variation of open circuit potentials of high nitrogen martensitic stainless steels in 3.5 wt.% NaCl 
solution, and OM morphologies of (b) 0N and (c) 0.15N steels after immersion for 240 min. The inserted 
figure in (b) indicates the local magnification of pit by SEM after removing the corrosion products. 
Fig. 7 (a) Potentiodynamic polarization curves and (b) cumulative probability distribution of pitting 
potentials of high nitrogen martensitic stainless steels with different nitrogen contents. 
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Fig. 8 Corrosion morphologies of pitting initiation sites around (a) carbides and (b) cerium oxide inclusion in 
0N steel after being potentiodynamically polarized to 0 mVSCE, and pitting initiation sites around (c)(d)(e) 
carbonitrides and (f) cerium oxide inclusion in 0.52N steel after being potentiodynamically polarized to 200 
mVSCE. 
Fig. 9 Cyclic polarization curves of high nitrogen martensitic stainless steels with different nitrogen contents. 
Fig. 10 Corrosion morphologies of (a) 0N, (b) 0.15N, (c) 0.24N, (d) 0.41N and (e) 0.52N high nitrogen 
martensitic stainless steels after immersion in 6 wt.% FeCl3 solution at 50℃ for 60 min. 
Fig. 11 (a) XPS survey spectra, contents of (b) N 1s, Cr 2p and O 1s in passive films of 0.15N and 0.41N 
steels. 
Fig. 12 XPS spectra of Cr 2p3/2, Fe 2p3/2 and O 1s recorded from the sputtering surfaces for 0 s, 20 s and 100 
s of the passive films on (a)(c)(e) 0.15N and (b)(d)(f) 0.41N steels. 
Fig. 13 XPS spectra of N 1s recorded from the sputtering surfaces for 0 s and 100 s of the passive films on 
(a) 0.15N and (b) 0.41N steels. 
Fig. 14 (a) Pseudo-binary phase diagram and (b) variation of phase fractions with temperature calculated by 
Thermo-Calc software. 
Fig. 15 The depth profile of (a) Cr(OH)3, (b) Cr2O3 and (c) ratio of Cr2O3/Cr(OH)3 in passive films on high 
nitrogen martensitic stainless steels. 
Fig. 16 Schematic of the influence of nitrogen content on Cr-depletion induced by carbides and nitrides. 
Fig. 17 Schematic of the effect of nitrogen on microstructure and corrosion mechanism of high nitrogen 
martensitic stainless steels.
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Fig. 1 OM micrographs of (a) 0N, (b) 0.15N, (c) 0.24N, (d) 0.41N, (e) 0.52N high nitrogen martensitic 
stainless steels and the (f) variation of prior austenite grain size with nitrogen content.
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Fig. 2 SEM micrographs of (a1) 0N, (b1) 0.15N, (c1) 0.24N, (d1) 0.41N, (e1) 0.52N, and local amplification of 
(a2) 0N, (b2) 0.15N, (c2) 0.24N, (d2) 0.41N, (e2) 0.52N high nitrogen martensitic stainless steels. 
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Fig. 3 3D atom-by-atom tomographic reconstruction (box size 68 nm × 68nm × 300 nm) of 0.41N high 
nitrogen martensitic stainless steel. 
 
Fig. 4 XRD patterns of electrolytically extracted precipitates in high nitrogen martensitic stainless steels with 
different nitrogen contents.
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Fig. 5 TEM results of (a)-(e) 0N and (f)-(h) 0.41N high nitrogen martensitic stainless steels: (a) morphology 
and electronic diffraction pattern of M23C6, (b) δ-ferrite and needle-like M3C, (c) magnified image of M3C, 
(d) HR-TEM image of M3C, (e) FFT pattern of the HR-TEM image in (d); (f) morphology and electronic 
diffraction pattern of M23C6, (g) bright field image, (h) dark field image and electronic diffraction pattern of 
M2N.
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Fig. 6 (a) Variation of open circuit potentials of high nitrogen martensitic stainless steels in 3.5 wt.% NaCl 
solution, and OM morphologies of (b) 0N and (c) 0.15N steels after immersion for 240 min. The inserted 
figure in (b) indicates the local magnification of pit by SEM after removing the corrosion products. 
 
Fig. 7 (a) Potentiodynamic polarization curves and (b) cumulative probability distribution of pitting 
potentials of high nitrogen martensitic stainless steels with different nitrogen contents.
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Fig. 8 Corrosion morphologies of pitting initiation sites around (a) carbides and (b) cerium oxide inclusion in 
0N steel after being potentiodynamically polarized to 0 mVSCE, and pitting initiation sites around (c)(d)(e) 
carbonitrides and (f) cerium oxide inclusion in 0.52N steel after being potentiodynamically polarized to 200 
mVSCE. AC
CE
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Fig. 9 Cyclic polarization curves of high nitrogen martensitic stainless steels with different nitrogen contents. 
 
Fig. 10 Corrosion morphologies of (a) 0N, (b) 0.15N, (c) 0.24N, (d) 0.41N and (e) 0.52N high nitrogen 
martensitic stainless steels after immersion in 6 wt.% FeCl3 solution at 50℃ for 60 min. AC
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Fig. 11 (a) XPS survey spectra, contents of (b) N 1s, Cr 2p and O 1s in passive films of 0.15N and 0.41N 
steels. 
 
Fig. 12 XPS spectra of Cr 2p3/2, Fe 2p3/2 and O 1s recorded from the sputtering surfaces for 0 s, 20 s and 100 
s of the passive films on (a)(c)(e) 0.15N and (b)(d)(f) 0.41N steels.
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Fig. 13 XPS spectra of N 1s recorded from the sputtering surfaces for 0 s and 100 s of the passive films on 
(a) 0.15N and (b) 0.41N steels. 
 
Fig. 14 (a) Pseudo-binary phase diagram and (b) variation of phase fractions with temperature calculated by 
Thermo-Calc software. AC
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 Fig. 15 The depth profile of (a) Cr(OH)3, (b) Cr2O3 and (c) ratio of Cr2O3/Cr(OH)3 in passive films on high 
nitrogen martensitic stainless steels. 
 
Fig. 16 Schematic of the influence of nitrogen content on Cr-depletion induced by carbides and nitrides. 
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Fig. 17 Schematic of the effect of nitrogen on microstructure and corrosion mechanism of high nitrogen 
martensitic stainless steels. 
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 Table 1 Chemical compositions of high nitrogen martensitic stainless steels (wt.%). 
Specimens C Cr Mo N Mn Si Ce Fe 
0N 0.31 15.24 1.04 - 0.43 0.53 0.0076 Bal. 
0.15N 0.31 15.17 1.03 0.15 0.44 0.52 0.0094 Bal. 
0.24N 0.30 15.15 1.02 0.24 0.45 0.51 0.0072 Bal. 
0.41N 0.31 15.18 1.04 0.41 0.42 0.50 0.0084 Bal. 
0.52N 0.30 15.13 1.03 0.52 0.44 0.47 0.0086 Bal. 
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 Table 2 The cyclic polarization parameters of high nitrogen martensitic stainless steels. 
Specimens 
Ecorr 
(mVSCE) 
Epit 
(mVSCE) 
Erp 
(mVSCE) 
0N -175.2 ± 18.3 -50.4 ± 6.8 -371.5 ± 6.6 
0.15N -149.8 ± 17.0 244.0 ± 13.0 -185.0 ± 44.3 
0.24N -119.2 ± 11.7 329.6 ± 22.3 -183.3 ± 7.8 
0.41N -123.9 ± 5.2 376.2 ± 25.1 -104.3 ± 59.0 
0.52N -108.6 ± 6.4 257.7 ± 5.1 -134.5 ± 11.4 
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